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the system operation. This paper presents the development of mathematical models that characterize 
the inverter used in grid-connected photovoltaic systems. The mathematical models were fitted from 


Available online 4 April 2014 experimental tests and they are suitable to be used in computer simulation software. The tests were 
performed on a set of inverters commercially available at Solar Energy Laboratory at Federal University 
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i . Energy, Environment and Technology (CIEMAT, Spain). From the measured data it was calculated fitting 
Grid connected photovoltaic system 


coefficients to the efficiency curve of several inverters. In order to use these mathematical models for 


Pese simulating other inverters, their own coefficients have to be experimentally determined and entered into 
the data base of the software in order to provide a full detailed computer simulation. 
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1. Introduction system [1]. It is fundamental to investigate and emphasize the 
importance of the grid connected PV system regarding the 
The evaluation of a grid connected photovoltaic system can intermittent nature of renewable generation, and the character- 
be accomplished through a long time or short time monitoring ization of PV generation with regard to grid code compliance [2]. 


Software is an important tool for simulation, design, character- 

ization and analysis of photovoltaic systems. The monitoring 
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different configurations. However, to perform a simulation that 
return reliable data is necessary to use software that incorporates 
mathematical models capable of describing accurately the beha- 
vior of the components of a photovoltaic system. These models 
must be experimentally validated and obtained from specific 
tests. 

Grid connected photovoltaic system does not use batteries to 
energy storage and the electricity output varies throughout the 
day. This means that there is little influence of prior history to 
determine what happens in the time interval being analyzed. 
At intervals of about 1 min, the memory of the past behavior is 
restricted to the thermal effects considered in modules and 
inverters. Except for these, it can be said that the electrical energy 
injected on the grid is dependent on only a set of variables and 
parameters defined instantaneously. In fact it would be enough to 
establish the temperature values for modules and inverters and 
the solar irradiance as parameters for a set of equations for the 
entire simulation. 


2. The inverter 


The inverter converts DC power from the PV system on AC 
power that will be injected into the grid. The development of 
electronic technology has allowed considerable increase in the 
conversion efficiency, together with increased reliability and 
reduced costs. 

\Historically, low power photovoltaic systems use single-phase 
inverters. In grid connected applications, the single-phase inverters 
produce an imbalance between the phases by injecting current into 
only one phase of the grid. Due to stability reasons, it is possible to 
connect a maximum power of 4.6 kW, with 10% of tolerance, at one 
stage to avoid a greater asymmetry between the phases of the grid 
[3]. For power greater than 5 kW three single-phase inverters are 
needed to ensure a balanced distribution between the three phases 
[3]. The inverters used in grid connected photovoltaic systems use 
different circuits for energy conversion and there are a number of 
options of transformer configuration. There are commercial inverters 
with high or low frequency transformers and even transformerless 
inverters. Each topology has its own characteristics, resulting in 
advantages and disadvantages [4-9]. The inverters used in grid- 
connected applications embed maximum power point tracker, anti- 
islanding operation, high conversion efficiency, automatic synchro- 
nization with the grid and they have low level of harmonics 
distortion and power factor close to unity [10-12]. The performance 
of the inverters connected to the grid depends largely on the control 
strategy applied [13,14]. 


2.1. DC to AC conversion efficiency 


The DC to AC conversion efficiency of the inverter (Eq. (1)) is set 
as the ratio between the output power of the inverter and the 
input power of the inverter [15]. 


Eac _ [Pac dt 


Niny = Epc J Poc dt (1) 


where Enc is the output electrical energy; Epc is the input electrical 
energy, Pac is the output power and Ppc is the input power. 

The European efficiency and Californian Efficiency are defined 
based on weighting of inverter efficiency for different powers 
Eqs. (2) and (3). 
neu = (0.03754) + (0, 06710) + (0.13720%) 

+ (0.17304) + (0.487504) + (0.271004) (2) 


neat = (0.041104) + (0.05020) + (0.127304) 
+(0.21750%) + (0.537754) + (0.057100%) (3) 


where 175%, 110%, 120% 130%, "1505 175% aNd n100% are the values of 
conversion efficiency, respectively 5%, 10%, 20%. 30%, 50%, 75% and 
100% rated power of the inverter. 

The DC to AC conversion efficiency is strongly dependent on 
the relative power. The DC voltage also affects the conversion 
efficiency, although this dependence is often overlooked in the 
simplest mathematical models that represent the electrical beha- 
vior of the inverter. The efficiency also has temperature depen- 
dence, although it is advisable not to disregard this dependence 
increase the complexity of the mathematical model. Tests con- 
ducted at Sandia National Laboratories show that the DC to AC 
efficiency has negligible dependence with the temperature [16]. 
Mathematical models of inverters, usually determine the conver- 
sion efficiency using different parameters associated with thermal 
and electrical losses resulting from the conversion process. 

A model found in the literature suggests that the efficiency can 
be obtained from the interpolation of experimental data [17]. The 
efficiency for a given power is determined Eq. (4) by linear 
interpolation within a given power range, where the efficiencies 
of the inverter correspondent to the lower limit and to the upper 
limit of power are known. 


3: V (Pac — Pint) sup — lint) 
inv Mint Qu — Pint) 


where Pin is the lower limit of power; Pup is the upper limit of 
power; nint is the inverter efficiency in the lower limit of power 
and “sup is the inverter efficiency in the upper limit of power. 

Another proposed model for the efficiency Eq. (5) is based on 
the equivalent circuit consisting of an ideal inverter, a series 
resistance that represents the ohmic losses and a parallel resistor 
which represent the self-consumption | 18]. 


2RsPac 1 
Vic {= /! —4(Rs/Vic) (Pact (Vic/Re) ) 


where Vpc is the input voltage of the inverter; Vac is the output voltage 
of the inverter; Rs is the series resistance; Rp is the parallel resistance. 

The model can be extended also to reactive loads Eq. (6) 
considering the apparent power and including a factor that has a 
value close to unity except for very low power factors and also 
represents additional losses due to high internal reactive currents. 


2RsS a 
Vic 4_ y 1—4(Rs/Vic) (Pact (Vic/Re) ) 


Another model found in the literature is a simple mathematical 
model where the lost converting energy is represented by a 
polynomial [19]. The model coefficients are associated with 
different sources of electrical losses of the inverters Eq. (7). 


(Pac/PNom) 
(Pac/PNom) + (Ko + K(Pac/Pnom) + K2 (Pac / Pho?) 


where Ko, Kı and Kz are mathematical coefficients and Pnom is the 
nominal power of the inverter. 

A mathematical model to describe the performance of inverters 
used in grid connected photovoltaic systems was empirically 
developed. From the relationship between the Ppc and Pac the 
model coefficients are determined Eqs. (8) and (9) [16]. 


Paco 
Pac= (at 


(4) 


(5) 


Ninv = 


(6) 


Tiny = 


(7) 


Tiny = 


ca B)) (Pyc— B) + C(Ppc — B (8) 


A=Ppco(1+Ci(Vpc—Vpco)), B = Pso(1 + C2(Vpc — Vpco)). 
C= Co(1-4- C3(Vpc — Vpco)) (9) 


where Pac is the output power of the inverter; Paco is the output 
maximum power of the inverter; Ppc is the input power of the 
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inverter; Vpc is the input voltage of the inverter; Vpco is the 
nominal voltage; Pso is the power that the inverter comes into 
operation; Co is the angular coefficient of the relationship between 
AC power and DC power; Ci, C2 e C3 are coefficients experimentally 
determined. 


2.2. Maximum power point tracker efficiency 


To maximize the conversion of solar energy into electricity the 
inverters present algorithms for maximum power point tracker 
(MPPT). The maximum power point tracker efficiency is defined 
[20,21] as the ratio between the input power of the inverter and 
the power that the inverter would convert if operating ideally at 
the maximum power point (Eq. (10)). 


Epc  fPpcdt 


NMPPT use J Pmr dt (10) 


where gyppr is the maximum power point tracker efficiency; Epc is 
the electrical energy with actual MPPT; Empp is the electrical 
energy with ideal MPPT. 

The importance of this issue is evidenced by the large number 
of scientific papers published [22-30]. A comprehensive presenta- 
tion of working principle of these techniques is presented in [31]. 
They are compared against each other in terms of some critical 
parameters like number of variables used, complexity, accuracy, 
speed, hardware implementation, cost and tracking efficiency [31]. 
The difficulty in determining the MPPT efficiency from experi- 
mental tests is subject to the accuracy of the measurement of the 
maximum power point of the PV system. There are several 
methodologies that propose the determination of that power. 
Analytical methods are based on mathematical models while 
empirical models using data on specific tests [32,33]. The max- 
imum power point can be determined by Eq. (11). 
Pupp = Poy cu. [1 —ympe( uc — Tucier)] (11) 

ref 

where Pypp is the maximum power point; Pry is the PV array 
power in the standard conditions; G,, is the irradiance in the 
measurement condition; Tmc is the module temperature in 
the measurement condition; Gef is the standard irradiance 
(1000 W/m?); Tycrer is the standard module temperature (25 °C) 
and ywpp is the temperature coefficient of the maximum 
power point. 


3. Experimental methodology 
Experimental tests were divided in two stages. The first stage of 
work was developed at the Solar Energy Laboratory (LABSOL) at 


Federal University of Rio Grande do Sul (UFRGS). The PV system 


Table 1 
DC and AC power data of inverters that were tested at LABSOL/UFRGS. 


Technology Model DC power (W) 
Maximum Nominal 

SMA SB 700U 1000 780 
SMA SB 1100E 1210 1100 
SMA SB 2100 2450 2000 
SMA SB 2500 3000 2480 
SMA SB 3800U 4800 4040 
Fronius IG 15 2000 1400 
Fronius IG 20 2700 1940 
Fronius IG 30 3600 2690 
Mastervolt QS 2000 1800 1700 
Mastervolt QS 3200 2950 2750 


has a power of 4.8 kWp and is composed of modules manufac- 
tured by Isofoton (1-100/24) that have rated power of 100 Wp. For 
those specific tests were used 10 different models of inverters, five 
from SMA technology, three Fronius technology and two Master- 
volt technology and it was assembled a test bench consisting of a 
power analyzer and a computer to acquire data. The electrical 
characteristics analyzed were conversion efficiency and MPPT 
efficiency. The physical quantities measured were DC voltage and 
current and AC voltage and current. The Table 1 presents the main 
technical characteristics of the inverters used in the tests devel- 
oped at LABSOL/UFRGS [34-40]. 

The second stage of the work was developed at Photovoltaic 
Solar Energy Laboratory at Research Centre for Energy, Environ- 
ment and Technology (CIEMAT). The photovoltaic system at 
CIEMAT is rated at 3 kW. To monitor and measure the electrical 
characteristics of the system it was necessary to assemble and 
install a measurement system. This system consists of a power 
analyzer and a laptop which communicates with the devices 
through specific software. To perform the electrical testing of 
inverters used in grid connected photovoltaic systems, seven 
models of single-phase inverters from different manufacturers 
were used, as well as three inverters SMA technology and inverters 
from the following manufacturers: Ingeteam, Fronius, Xantrex and 
Sunways. Table 2 presents some inverter electrical characteristics 
used in the tests of conversion efficiency at different DC input 
voltage [34,39-43]. 


4. Inverters mathematical model 


The main inverters electrical characteristics for grid connection 
are DC to AC conversion efficiency, MPPT efficiency, power factor 
and harmonic distortion [44]. The mathematical models devel- 
oped were obtained by testing different technologies. The coeffi- 
cients of the mathematical models are obtained from the fitting 
between the experimental data and the theoretical curve provided 
by the mathematical model. 


4.1. Mathematical model of DC to AC conversion efficiency 


This study adopts the first mathematical model Eq. (7) for 
description of the inverter conversion efficiency [13]. The effi- 
ciency is measured across the range of admissible power of the 
inverter, resulting in an efficiency curve as a function of relative 
power. The power coefficients are obtained from the fit of the 
measured points and the theoretical curve provided by the 
mathematical model. Fig. 1 shows the measured conversion 
efficiency curve of the inverter SMA Sunny Boy 700U and the 
adjustment of the curve described by the theoretical mathematical 


AC power (W) Transformer 
Maximum Nominal 

700 700 Low frequency 
1100 1000 Low frequency 
2100 1900 Low frequency 
2500 2300 Low frequency 
3800 3800 Low frequency 
1500 1300 High frequency 
2000 1800 High frequency 
2650 2500 High frequency 
1725 1600 High frequency 
2750 2600 High frequency 
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Table 2 
DC and AC power data of inverters that were tested at CIEMAT. 
Technology Model DC Power (kW) AC Power (kW) Transformer 
Maximum Nominal Maximum Nominal 
Ingeteam Ingecon Sun 2,5 3.3 3.3 2.7 2.5 Low frequency 
SMA SB 1100U 1.21 1.2 11 1.0 Low frequency 
Fronius IG 30 3.6 2.69 2.65 25 High frequency 
Sunways NT 4000 3.4 3.4 3.3 3.3 Transformerless 
Xantrex GT 3.0 3.4 3.4 3.3 3.3 High frequency 
SMA SB 3300TL 3.44 3.44 3.3 3.0 Transformerless 
SMA SB SWR 2000 24 24 2.0 1.8 Low frequency 
1 
Table 3 
Power coefficients of the conversion efficiency mathematical model. 
0.8 Technology Model Ko Ki Kə Rm 
o SMA SB 700U 0.0185 0.0393 0.0562 0.99 
$ 06 SMA SB 1100E 0.0154 0.0562 0.0519 0.99 
go SM red cand oun SMA SB 2100 0.0339 0.0395 0.0465 0.99 
7 + + + Measured Points SMA SB 2500 0.0042 0.0327 0.0635 0.91 
Q —— Theoretical Curve SMA SB3800U 0.0187 0.0368 0.044 0.99 
2 04 Fronius IG 15 0.0209 0.0895 — 0.0113 0.97 
= Fronius IG 20 0.0349 0.057 0.0218 0.99 
Fronius IG 30 0.0205 0.0438 0.0477 0.95 
02 Mastervolt QS 2000 0.0164 0.0696 0.0199 0.99 
^ Mastervolt QS 3200 0.0201 0.0606 0.0366 0.98 
i Table 4 
0 0.2 0.4 0.6 0.8 1 


PAC/ PNOM 
Fig. 1. DC to AC conversion efficiency curve of the inverter SMA Sunny Boy 700U. 
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Fig. 2. DC to AC conversion efficiency curve of the inverter SMA Sunny Boy 1100E. 


model. Fig. 2 shows the conversion efficiency curve of the inverter 
SMA Sunny Boy 1100E. 

Table 3 shows the coefficients derived from the agreement 
between the measured points and the theoretical curve provided 
by the mathematical model and Table 4 shows the inverters 
efficiency tested for each power value set efficiency in the 
European and Californian efficiency. 

The shape of the curves of conversion efficiency follows the 
expected behavior. The fit between the curve described by the 
mathematic model and the measured data has a coefficient of 
determination R° greater than 0.9 for all inverters tested. In 


Tested inverters efficiency for each power value set in the European and Californian 
efficiency. 


Model 5% 10% 20% 30% 50% 75% 100% 
SB 700U 70.8 81.3 87.4 89.4 90.5 90.4 89.7 
SB 1100E 734 82.2 87.4 89.0 89.8 89.6 89.0 
SB 2100 75.7 84.5 89.4 90.9 91.6 91.4 90.9 
SB 2500 89.2 92.5 93.7 93.8 93.2 92.0 90.8 
SB 3800U 70.7 81.4 87.7 89.9 91.2 91.3 90.9 
IG 15 66.3 77.0 83.9 86.5 88.8 90.1 90.9 
IG 20 56.9 71.0 80.9 84.7 87.8 89.2 89.7 
IG 30 68.6 79.7 86.5 88.7 90.1 90.3 89.9 
QS 2000 71.5 80.9 86.5 88.4 89.8 90.3 90.4 
QS 3200 68.2 79.0 85.5 87.8 89.3 89.6 89.5 
Table 5 
European and Californian efficiency of the tested inverters. 

Technology Model Neu NCAL 

SMA SB 700U 88.7 89.2 
SMA SB 1100E 88.3 88.3 
SMA SB 2100 90.2 90.4 
SMA SB 2500 92.7 92.0 
SMA SB 3800U 89.3 90.0 
Fronius IG 15 86.9 87.4 
Fronius IG 20 85.1 86.5 
Fronius IG 30 88.2 88.8 
Mastervolt QS 2000 88.3 88.5 
Mastervolt QS 3200 87.4 87.9 


general, from 30% of the rated power, the conversion efficiency 
is around 90% and maximum values of efficiency are obtained in 
relative power between 0.5 and 0.8, with the exception of the 
inverter SMA Sunny Boy 2500 which has its maximum efficiency 
at loading levels of about 30%. The efficiency decreases for lower 
power, because all devices have a minimum power self- 
consumption whose proportion obviously increases as the power 
decreases. The European and California efficiencies differ in the 
values of power factors considered and the corresponding 
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multipliers and are usually taken as representative for the average 
irradiance levels medium and high, respectively. Table 5 shows the 
European and Californian efficiency of the tested inverters at 
LABSOL/UFRGS. 


4.2. Study of DC to AC conversion efficiency as function 
of input voltage 


The conversion efficiency is mainly dependent on the loading 
level of the inverter. However the DC input voltage also affects the 
conversion efficiency of inverter. To analyze the influence of DC 
input voltage on the behavior of the conversion efficiency, tests 
were carried out for single-phase inverter power rating up to 5 kW 
at different DC voltages. The conversion efficiency depends on the 
DC input voltage and thus the mathematical model representing 
the curve of the conversion efficiency must consider correspond- 
ing dependence of coefficients on the DC input voltage. This paper 
proposes a modification to the model of the Eq. (7), inserting 
voltage-dependent coefficients Eq. (12). 


(Pac/Pnom) 
(Pac/Pnom) + (Ko(Vpc) - Ka(VpcYPca / Now) + Ka VpcY(Pca / Phoy^) 
(12) 


where Ko(Vpc) Ki(Vpc) and Ko(Vpc) are power coefficients of 
proposed mathematical model. 

The curve of conversion efficiency of the inverter Ingeteam 
Ingecon Sun 2.5 was determined in four different DC voltages. This 
inverter has lower efficiencies at lower DC input voltage and 
greater efficiencies in higher DC voltages. The percentage differ- 
ence between the lowest and highest European and Californian 
efficiency was approximately 2.6% and 2.8%, respectively. Fig. 3 
shows the values of European and Californian efficiency of inverter 
Ingeteam Ingecon Sun 2.5 for different DC input voltages. 

The Fronius IG 30 inverter was tested in four different DC voltages. 
The lowest efficiencies were obtained in the lowest amount of DC 
voltage that the inverter has been tested, 160 V, while the highest 


inv 
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Fig. 3. European and Californian efficiency of Ingeteam Ingecon Sun 2,5 inverter in 
different voltages. 


Table 6 
Fronius IG 30 inverter efficiency in different DC input voltages and at different 
loading levels. 


Pac/Pnom (%) 160 V 220 V 280 V 370 V 


5 85.3 88.8 89.6 90.8 
10 89.5 91.5 92.5 91.7 
20 91.6 92.8 94.0 92.4 
30 92.2 93.2 94.2 92.7 
50 92.3 935 942 93.1 
75 92.0 [55:3 93.8 93.6 

100 91.6 93.3 93.4 94.1 


values were obtained at 300 Vpc. The percentage difference between 
the highest and lowest European and Californian efficiency was 2.2% 
and 2.3% respectively. Table 6 shows the Fronius IG 30 inverter DC to 
AC efficiency in different DC voltages and for different loading levels. 
At levels of loading of 5% and at voltages greater than 300 V, the 
inverter provides efficiencies around 90% and maximum values of 
efficiency are achieved in loading levels of 50%. 

The Sunways NT 4000 inverter was tested in seven different DC 
voltages. The highest efficiency values were obtained in the lowest DC 
voltage that the inverter has been tested, 370 V and the efficiency 
values decreased with increasing voltage. The percentage difference 
between the highest and lowest European and Californian efficiency 
were 1.6% and 1.9% respectively. Fig. 4 illustrates curves of efficiency of 
the Sunways NT 4000 inverter at different voltages. 

The SMA Sunny Boy 3300TL inverter was tested at three 
different DC input voltages. The values of European and Californian 
efficiency increase proportionally with the DC voltage input. It is 
possible to find percentage deviations between the highest and 
lowest efficiency, about 4% and 3.7% in European and Californian 
efficiency, respectively. Table 7 shows the conversion efficiency of 


98 

96 
x 
S 
5 94 
S | Sunways NT 4000 
E ^ A A DC Voltage of 370V 
O 92 x X X DC Voltage of 460V 
« * * * DC Voltage of 550V 
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88 

0 0.2 0.4 0.6 0.8 1 1:2 
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Fig. 4. Curves of conversion efficiency of the Sunways NT 4000 inverter in different 
voltages. 


Table 7 
DC to AC conversion efficiency of the SMA Sunny Boy 3300TL inverter in different 
DC voltages and for different loading levels. 


Pac/Pnom (75) 250V 400 V 550V 
5 86.3 88.0 89.6 
10 91.8 93.2 94.3 
20 94.2 95.6 96.5 
30 94.5 96.0 97.1 
50 93.7 95.8 97.2 
79 92.6 94.9 96.8 
100 90.4 93.8 96.3 
100 
—~ 96 
E 
[o 
S 92 
o 
Iz: 
w 
Q 88 SMA Sunny Boy 3300TL 
o * * * DC Voltage of 550V 
o ^ A A DC Voltage of 400V 
[a] X X X DC Voltage of 250V 
84 
80 


0 0.2 0.4 0.6 0.8 1 1.2 
Pac / PNOM 


Fig. 5. DC to AC efficiency curves of the SMA Sunny Boy 3300TL inverter in 
different DC voltages. 
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the SMA Sunny Boy 3300TL inverter in different DC voltages and 
for different loading levels and Fig. 5 shows efficiency curves in 
different DC voltages. 


4.3. Mathematical model of DC to AC conversion efficiency as 
function of the DC input voltage 


The mathematical model of the Eq. (7) which describes the 
inverter DC to AC conversion efficiency curve is highly correlated 
with the experimentally measured data, however the model 
considers only the efficiency as a function of relative power. As 
the DC voltage also influences the behavior of the inverter 
efficiency curves, the mathematical model was modified to con- 
sider efficiency as a function of relative power and the DC input 
voltage, replacing the original coefficients Ko, Kı and Kə for linear 
combinations and new coefficients Eq. (13). 


mes (Pac/Pw) 
id (Pac/Pu)+ (Ko, E SoVpc) + (Ki, 


+S, Vpc)(Pea/Pu)+ (Kay, E S2Vpc)(Pca/Pn)*) (13) 


where Py is the inverter nominal power; Pac is the inverter output 
power; Koypc, Kivpc, Koypc are voltage linear coefficients; So, S1, 
and S; are voltage angular coefficients. 

The coefficients Ko, Kı and K of the mathematical model, that 
considers the conversion efficiency as a function only of power 
present absolute values for each inverter and can be called power 
coefficients. However, the modified mathematical model presents 
the power coefficients as a function of DC input voltage. Each 
coefficient is described by two voltage coefficients, called voltage 
linear coefficient and voltage angular coefficient. Figs. 6-8 shows 
the behavior of the power coefficients Ko, Kı and K» as a function 
of the DC voltage of the Ingeteam Ingecon Sun 2.5 inverter. Figs. 9- 
11 shows the behavior of the power coefficients Ko, Kı and Kz as a 
function of the DC voltage of the Xantrex GT 3.0 inverter. The 
voltage coefficients are determined from the fit between the 
theoretical curve, which in this case is linear, and the power 
coefficients determined in different DC input voltages. 

From the determination of the voltage coefficients of the 
proposed mathematical model, conversion efficiency maps can 
be developed as a function of the DC voltage and relative power. 
The efficiency is determined from the mathematical model, at each 
point of DC voltage and relative power. These maps allow viewing 
the dynamic efficiency of the inverters as a function of DC voltage 
and relative power. Fig. 12 shows the map of Ingeteam Ingecon 
Sun 2.5 inverter efficiency depending on the DC voltage and 
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Fig. 6. Variation of KO as function of DC voltage of the Ingeteam Ingecon Sun 2,5 
inverter. 
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Fig. 7. Variation of K1 as function of DC voltage of the Ingeteam Ingecon Sun 2,5 
inverter. 
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Fig. 8. Variation of K2 as function of DC voltage of the Ingeteam Ingecon Sun 2,5 
inverter. 
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Fig. 9. Variation of KO as function of DC voltage of the Xantrex GT 3.0 inverter. 


relative power. The analysis of efficiency of the map shows that 
the highest efficiency values are obtained at voltages around 300 V 
and relative power between 30% and 70% while the lowest values 
of efficiency are obtained at voltages of about 120 V. 
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Fig. 10. Variation of K1 as function of DC voltage of the Xantrex GT 3.0 inverter. 
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Fig. 11. Variation of K2 as function of DC voltage of the Xantrex GT 3.0 inverter. 
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Fig. 12. Map of DC to AC efficiency of the Ingeteam Ingecon Sun 2,5 inverter. 


Fig. 13 shows the map of efficiency of SMA Sunny Boy 1100U 
inverter depending on the DC voltage and relative power. The 
analysis of efficiency map shows that the highest efficiency is 
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Fig. 13. Map of conversion efficiency of the SMA Sunny Boy 1100U inverter. 
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Fig. 14. Maps of conversion efficiency of the Fronius IG 30 inverter. 


obtained at voltages of about 300 V and relative power from 10% 
to 30% while the lowest efficiency are obtained from strains of the 
order of 150 V. The highest efficiency values, regardless of the DC 
input voltage, are obtained in relative power less than 50%. 

The reverse process is also valid and can be used as a tool for a 
particular purpose. From the efficiency map of the inverter, it is 
possible to obtain the voltage coefficients of the mathematical 
model proposed to be inserted into a database software. Also from 
the efficiency curves at different DC voltages supplied by manu- 
facturers of inverters it is possible to know the behavior of the 
variation of the coefficients as a function of power and DC voltage 
and then develop these maps. From the fit between the curves 
provided by the manufacturers and the curves provided by the 
mathematical model, power coefficients for each DC voltage can 
be determined, thus providing information about their behavior as 
a function of DC voltage and consequently the determination of 
the coefficients of the mathematical model proposed in this work. 
Figs. 14 and 15 show the maps of DC to AC conversion efficiency 
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Fig. 16. Maps of conversion efficiency of the SMA Sunny Boy 3300TL inverter. 


from Fronius IG 30 and Xantrex GT 3.0 inverters, respectively, and 
Figs. 16 and 17 show maps of conversion efficiency from SMA 
Sunny Boy 3300TL and Sunny Boy SMA SWR 2000 inverters, 
respectively. 


4.4. Tests of maximum power point tracker efficiency and proposed 
mathematical model 


The Standard IEC 50530, 2008, presents the definition and 
recommendation of the test conditions and measurement proce- 
dure for determining the static and dynamic MPPT efficiency of 
inverters. Measures should be taken throughout the range of 
permissible DC input voltage of the inverter and the relative 
power defined by European and Californian efficiency. The differ- 
ent tested inverters have different algorithms to track the max- 
imum power point, though there are similarities between these 
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Fig. 17. Maps of conversion efficiency of the SMA Sunny Boy SWR 2000 inverter. 
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Fig. 18. Oscillating of DC voltage due to algorithm of inverter MPPT. 


algorithms. The PV array is biased by perturbing the operating 
voltage of the inverter. The interval between each perturbation 
varies with technology and the inverter manufacturer. The MPPT 
efficiency is a function of relative power. This parameter must be 
measured at different powers resulting in an efficiency curve of 
MPPT along the inverter range power. The static efficiency of the 
MPPT can be determined experimentally by adopting two 
assumptions: 


* Assumption A: on a clear day (or during clear intervals along 
partially cloudy days) with no wind, the irradiance incident on 
the PV array and the temperature of the modules are constant 
within 1 min intervals. 

* Assumption B: During the interval of 1 min, the MPPT inverter 
meets the PMP array at least 1 time (Fig. 18). The MPPT inverter is 
responsible for oscillating voltage during the interval of 1 min 
(Fig. 19). 

* The input direct current and voltage of the inverter are 
continuously and simultaneously measured along 1 min. Dur- 
ing each entire 1 minute period Pmax is the value found for the 
highest power. 
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Fig. 19. Oscillating of DC voltage due to algorithm of inverter MPPT. 


Table 8 
Power coefficients of the mathematical model of MPPT static efficiency. 


Technology Model Coefficients 
Mo Mi 

Static efficiency of MPPT 

SMA SB 700U 0.0075 0.0042 
SMA SB 2100 0.0022 0.0062 
SMA SB 3800U 0.0014 0.0055 
SMA SB 1100E 0.0085 0.0125 
Fronius IG 15 0.0039 0.0023 
Fronius IG 20 0.0027 0.0042 
Fronius IG 30 0.0028 0.0011 
Mastervolt QS 2000 0.0010 0.0115 
Mastervolt QS 3200 0.0035 0.0085 


To determine the maximum power point tracker static effi- 
ciency of the inverter during 1 min Eq. (14) is used. This efficiency 
is approximately 99% of the tested inverters and can be considered 
constant in the operating range between 20% and 100% rated 
power of the inverter. 


n 
RP 


"IMPPT = — Wü 
JrPmax d > nPyax At 


i21 


(14) 


where Vj is the n values of measured voltage during the interval of 
1 minute; li are the n values of measured during the current 
interval of 1 min; Pmax is the maximum value of the pair (Vj, I;) 
measured during the interval of 1 min. 

A set of maximum power point tracker static efficiency data 
was obtained using the previously proposed method. Experimen- 
tal data include measurements of inverters under different relative 
loads. The mathematical model presented in Eq. (15) was used for 
fitting theses data. 


"T (Ppc/Puow) 
"V (Ppc/Pyom) + (Mo + Mi(Ppc / Pho) 


where Mo and M; are power coefficients of the mathematical 
model that described the MPPT static efficiency curve. 

Table 8 shows the coefficients of the mathematical model that 
represents the maximum power point static efficiency of the 
tested inverters and Table 9 shows the efficiency of the tested 
inverters for different values of power. 


(15) 


Table 9 
Static Efficiency of MPPT of the tested inverters in different load levels. 


5% 10% 20% 30% 50% 75% 100% 
SB 700U 86.6 92.6 95.9 97.1 98.1 98.5 98.8 
SB 1100E 84.5 91.1 94.7 96.0 971 97.6 97.9 
SB 2100 95.2 97.2 98.3 98.6 98.9 99.0 99.1 
SB 3800U 96.7 98.0 98.7 98.9 99.1 99.2 99.3 
IG 15 92:5 96.0 97.8 98.4 99.0 99.2 99.3 
IG 20 94.5 96.9 98.2 98.6 99.0 99.2 99.3 
IG 30 94.5 97.1 98.5 98.9 99.3 99.5 99.6 
QS 2000 96.9 97.8 98.3 98.5 98.6 98.7 98.7 
QS 3200 92.7 95.8 97.4 98.0 98.4 98.7 98.8 


The MPPT static efficiency is nearly 100% in a wide power range 
and only in low power efficiency decreases to values between 85% 
and 96%, approximately, depending on the model and manufac- 
turer of the inverter. The described method is valid for periods 
when the variability of the irradiance is less than 3%. In order to 
make the method valid even for periods in which variation of 
irradiance is greater than 3%, Eq. (16). must be applied. The MPPT 
dynamics efficiency consists of two terms, where the first term is 
MPPT static efficiency and the second term represents the condi- 
tion of the irradiance variability. If the irradiance variation 
between two considered instants is null then the term variability 
is also null and dynamic efficiency will be equal to the static 
efficiency, but if there is variation in irradiance between the two 
moments considered the term variability is not null and dynamic 
efficiency will be lower the static efficiency. The term variability 
increases proportionally to the variation in the irradiance between 
the moments considered. On clear sky or overcast days the term 
variability is small but for partially cloudy days this term can be 
significant. 


a _ (Ppc/PNom) ( (E) 
vere (Ppc/Pwow) + (Mo + M1(Ppc/Pnom)) Ppc 
(16) 


where M; is the power variation coefficient of the theoretical 
mathematical model which describes the curve of the MPPT 
dynamic efficiency; P; and P, are powers values at instants tı 
and fp. 


5. Conclusion 


This work presented a study of inverters efficiency used in grid 
connected photovoltaic systems from theoretical and experimen- 
tal tests. Experimental tests of inverters allowed the characteriza- 
tion of the DC to AC conversion efficiency, its dependence on the 
DC voltage and of the maximum power point tracker efficiency. 
The purpose of the tests was to measure and analyze various 
electrical characteristics of inverters in order to develop mathe- 
matical models that describe these characteristics. The inverters 
tests indicate that DC to AC conversion efficiency and MPPT 
efficiency are characteristics dependent on the power, but other 
variables such as DC input voltage may influence of these char- 
acteristics. The measured curves and the theoretical curves 
described by the proposed mathematical models, in general, 
presents R? determining coefficients greater than 0.9 indicating 
excellent correlation between measured points and theoretical 
curves. The characteristics were analyzed individually and the 
results aided understanding the process of interaction between 
the PV system and inverter and between the inverter and the grid. 
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